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(57) Abstract 

This invention relates to a scaleable, phase-locked. fiber laser array laser oscillator system consisting of a bundle of single 
mode optical fiber lasers, which can be combined into tapes (16), one end of said bundle being compacted into a solid face (3) 
which acte as the output aperture of the invention whilst the other ends (6) of the fiber lasers, forming said bundle, are loosely 
bound either mdividually or in groups and connected to semiconductor light sources (7). or optical excitati n sources with equiva- 
lent output charactenstics, for the end pumping of said fiber lasers in such a manner that all can be excited simultaneously or in a 
selected sequence. ^ 
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CLOSE PACKED^ END FACE, DIODE PUMPED, FIBRE LASER 
BUNDLE, PHASED-ARRAY LASER OSCILLATOR 



FIELD OF THE INVENTION 

r 

This invention relates to a scaleable, phase-locked, fiber laser array laser 
oscillator system consisting of a bundle of single mode optical fiber lasers, which 
can be combined into tapes, one end of said bundle being compacted into a solid 

5 face which acts as the output aperture of the invention whilst the other ends of the 
fiber lasers, forming said bundle, are loosely bound either individually or in 
groups and connected to semiconductor light sources, or optical excitation 
sources with equivalent output characteristics, for the end pumping of said fiber 
lasers in such a manner that all can be excited simultaneously or In a selected 

10 sequence. 

The phase-locking of the individual fiber lasers can be achieved using one 
of at least three phase-locking techniques, either Individually or in combination, 
in the region of the compacted output face of the invention. Auxiliary optical 
excitation of the invention may be achieved using side pumping near the output 
15 end using a fixed or movable diode array, or equivalent light source, emitting 
narrow band optical excitation light. The individual fiber laser oscillators of the 
invention may have a fixed or continuous variable fiber cladding thickness. 

The invention has applications in the industrial, defence, medical 
communications, mass entertainment and the commercial fields. 

20 PRBOR ART 

Prior art. scaleable. coherently packed, coherently phase-locked an^y 
continuous path, end pumped fiber bundle lasers have either possessed two 
compacted ends or a single, common compacted end. Such compacted end, 
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continuous path, bundled fiber oscillator lasers are difficult to end pump with 
arrays of diode lasers at high coupling efficiencies. 

The present Invention overcomes the defects of the prior art fiber bundle 
lasers in that one of the ends, the pumping end. is loosely bound and can be 
5 effectively coupled to well distributed, and hence, easily cooled arrays of laser 
diodes whether said diodes emit their optical outputs parallel to or perpendicular 
to the sur§EDce of the semiconductor chip on which they are mounted. The 
invention ts particularly suited for the direct coupling of such semiconductor 
excitation sources to tapes of fibers from which it can be constmcted. 



10 BACGCa^OUNE^. OF TIKIE IIIMVENTBON 

Stating in 1963. at the Royal Radar Establishment in the United Kingdom, I 
have pi^s^ered the development of phase-locked arrays of optical fibers and 
■optical fiber lasers. The first unclassified reference to this wori( appeared in 
"Applied Optics" USA July, 1979. My first US patent in this field was classified in 

.15 1984 anc^my first uncias&ified patent in the field was issued by the US Patent 
Office in July 1987 (US: 4,682.335). To date, the experimental fiber laser bundle 
arrays that I have assessed have been limited to 6 x 6 an'ays due to the cost of 
end/side coupling techniques where the diode pump lasers are side coupled into 
• nrrthe fiber laser near one of its ende with about 87% coupling 

20 "efficiency. However, the cost of such optical couplers are high compared to the 
cost of diHsctly orid coupBng, well distributed diode arrays into the loosely bound 
ends of the fibers or tapes of the present invention. 

Howler, experience has shown that up to 75% of the heat associated with 
diode pumped solid state lasers is deposited within the diode arrays themselves. 
25 It is, therefore, essential that the diode arrays are well cooled for their most 
efficient operation. Furthermore, it is better to cool individual, small arrays of 
diode pum^js than large, ertngle arrays. Bearing in mind that the fiber laser 
oscillators are independent of the laser diode pump as far as their lasing action is 
concemed and dependent on them for pump light only, there is no need for 
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phase-locked diode pump arrays, provided they can be efficiently and 
individually coupled to the fiber laser ends or to groups of said ends. 

Experience has shown that the cost effectiveness of fiber bundle lasers are 
critically dependent on the number of optical components that are needed in 
each individual fiber oscillator. The reason for this stems from the fact that 
between 10,000 and 1 ,000,000 fiber end transmitters form the output aperture of 
phased-an'ay lasers depending on both the fiber core and the fiber cladding 
diameters. Even at the lower resolution of 10,000 "pixels" per square centimeter, 
the cost of expensive optical components such as lenses in coupling excitation 
diodes to individual fibers soon becomes prohibitive so that the greatest possible 
simplicity becomes the order of the day. 

Ideally, a diode pumped fiber bundle laser should consist only of optical 
fiber and laser diodes, this being the goal of the present invention. However, 
there are practical necessities such as power supplies, inter connecting leads, 
optical couplers and laser mirrors which inevitably add to the total cost of the 
system. A particularty attractive feature of the present inversion is the optional 
use of optical fibers of continuously variable cladding thidtness from being 
comparable to the core thickness at the output end to being much greater than 
the core thickness at the pump end. This solution allows for the extremely fragile 
output ends of the fibers to gain mutual strength by being compacted together 
whilst their relatively tough pump ends can be loosely bound without fear of 
breakage. In such a case, the thin-walled fibers forming the output end can cross- 
couple for phase-locking without the need for the more expensive lens an'ays 
which have to rely on accurate hexagonal bundling of the fiber Qnds to ensure 
low cost matching. IHowever, for full colour presentation, three separate fiber 
laser oscillators have to form the basic unit and these have to be packed into an 
area about 20 microns in diameter for best effect. This requirem3:::t spaces the 
fibers corresponding to a given colour, be it blue, green or red, further apart that 
the five micron or so needed for effective cross-coupling, implying the need for a 
lens array to effectively phase-lock the invention. If such lens arrays are used, 
there is no need for variable cladding diameters on the fibers because the lenses 
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can accommodate phase locking requirements at somewhat increased core 
seperation on the other hand it is a relatively simple process to pull a fiber bundle 
to provide the required variable cladding thickness along the bundle. 

SUBARIIARY OF THE ONVENTION 

5 It Is an object of this Invention to generate a single, scaleable, laser beam 

via phase-JockIng the outputs of an array of fiber oscillators, using the minimum 
number of optical xxsmponents. 

Another object of the invention is to provide a compacted output end of fiber 
laser oscillator as the output end of the invention and to disperse the 
10 unbounded fiber ends of the Invention so as to distribute the heat generating 
diode pump sources as much as possible and to allow their segmentation to 
reduce the heating problems. 

Another object of the invention Is to connect arrays of diode lasers to tapes 
of fiber laser oscillators whose output ends are stacked together to fomi the 
15 output aperture of the invention. 

Yet another object of the Invention is to provide means of using all types of 
cSode pumps, optically coupled to the free ends of said fiber lasers forming the 
fiber laser bundle of the invention. 

Another object of the invention is to provide means of switching the diode 
20 pumps either simultaneously or sequentially or in groups so as ta produce either 
a high definition laser beam image on the output face or to scan the laser output 
beam of the invention. 

Yet aiiother object of the invention is to form the fiber laser bundle of a three 
fiber group, one fiber laser emitting blue light, the other green light whilst the third 
25 . laser in the group emits red Hght 
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Yet another object of the invention is to side excite the compacted output 
end region of the invention so as to bring it up to lasing threshold, then to activate 
the invention above threshold in Individual fiber laser osciliatois via their end 
pumping. 

This invention allows for the generation of a powerful, scaleable, single, 
switchable laser beam via the phase-locKing of a large number of smaller laser 
beams emitted by an array of laser fiber oscillators bundled together so that one 
end of the said bundle is compacted into the output aperture of the invention. 
The small diameter of the individual fibers forming the said bundle of laser 
oscillators allows for effective cooling of the laser medium which Is In the form of 
the fiber's glass core. Furthermore, the tong length of fiber in each oscillator 
allows for heat dissipation over a relatively long length of up to several metres 
depending on the absorption length of the laser Ion doped fiber core being used. 

The output aperture of the invention can be scaled to larger dimensions In 
two ways. Firstly, this can be achieved by stacking the optical fibers together one 
at a time and ensuring that their optically polished and suitably mirrored output 
ends are positioned in the same plane, so as to form what Is essentially an 
optically polished and fully minrored output aperture. Secondly, a coherently 
packed array of optical fibers can be formed simply by winding the said laser fiber 
onto a drum and cutting an appropriately thick layer of said fibers. Furthermore, 
by grouping the fibers together so that the groups can be phase-locked together, 
it is possible to scale the output aperture of the invention in terms of groups of 
fiber bundles rather than a single fiber bundle. In its simplest phase-locking 
configuration, the fiber laser oscillators of the invention have cladding 
thicknesses which allow effective cross-coupling between the fibers. For 
example, In a fiber with a core diameter of 5 microns, the cladding thickness 
shouW be of the same order for effective "cross-talk" to exist between fibers. In 
more complex output face configurations, phase-locking can be achieved using 
arrays of micro lenses with each micro lens coupling into its respective fiber core 
to the laser mirror. The overlapping of such an*ays of micro laser beams ensures 
their phase-locking In the invention as a whole. The third phase-locking 
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technique Utilizes an etalon to reflect portions of each micro laser beam laterally 
so that portions of it can enter neighbouring fiber transmitters in a given area of 
the output aperture. When using micro lens arrays, there is no need to depend 
on the "cross-talk" through the thin cladding of the fibers so that cladding 
thickness can be uniform along the fibers. 

One form of the invention which is very attractive from the view point of flat 
screen television projection is that where the output aperture is surrounded, in 
the same plane, with allowance of the diode pumps and their power sources. 
This compact disc configuration of the invention can be wall mounted or mounted 
in a reiatively confined space relative to the diameter of the laser beam produced. 
By connecting the switchable diode pumps to operate in synchronism with a 
transmitted TV signal, a real time TV image can be generated on the flat output 
aperture of the invention and diffused by placing a suitable diffuser In front of it. 
Without such a cBffuser, the generated laser Image from the invention would 
simply be projected In a highly collimated laser beam which would be eye 
hazardous, hence the neetf forthe coherent to Incoherent converter for safe 
viewing. However, when projected onto a screen, the present invention acts as a 
high inte«t8ity Ims^e projector. 

BRIEF 0ESCR»IPTII©INi OF THE SEVERAL ViEWS OF THE DRAWINGS 

A better understanding of the Invention will be gained from the following 
descrlptioh taken In conjunction with the accompanying drawings, h is 
emphasised that the ensuring teachings are exemplary and not limiting of the 
scope ofihe invention. 

In tone drawings: 

Figure 1 is a schemalte layout of a prefen-ed configuration of the invention in 
its simplest possible configuration. Rbers of continuously decreasing cladding 
thickness one comp^:^ to form an output face with their mirrored, optically 
polished ends all in a sfr^ile plane and their free ends, with maximum daddlng 
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thickness. each mirrored for 100% reflection at the iasing wavelength and for 
maxinnum transmission at the pump wavelength. The diode pump, emitting a 
laser beam of circular cross-section being directly coupled into the circularly 
cored, mirrored fiber end. Each of the said pump diodes are switchable so that 
5 they can either all emit their outputs simultaneously or in a pre-determined 
pattern under computer control. 

Figure 2 is a schematic layout of the invention made up of fiber tapes, each 
tape being excited by an anray of laser diodes. 

Figure 3 is a schematic layout of the invention in the format of a television 
10 projector with the central transmitting aperture surrounded by the laser diode 
pumps forms a flat screen TV image generator and projector. 

Figure 4 shows the manner in which arrays of pump diodes can be directly 
connected into the invention using fiber of constant dadding thickness with 
rectangular ends. 

15 Figure 5 shows the manner in whidi the invention is phase-locked using a 

lens array/mirror combination and is exdted via a similar system via the free fiber 
ends. 

DETAOLED DESORflPTOOGy!) OF TiHIE OINIViNTDOINI 

In Figure 1 , numeral 1 indicates the laser Ion doped optical fiber core whilst 
numeral 2 indicates the fiber cladding whose thickness decreases uniformly to 
the compacted mirrored output aperture of the invention indicated by numeral 3. 
Numeral 4 indicates the partially transmitting mirror attached to the optically 
polished laser fibers forming aperture 3. Numeral 5 indicates the single output 
beam of the Invention formed from the phase-locking of the individual laser 
beams emitted by the fiber ends forming aperture 3. Numeral 6 indicates the fully 
reflecting mirror on the optically polished rear end of the optical fibers which are 
unbound but conneded diredly to their respedive diode laser pumps indicated 



20 



25 
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by numemi 7. Diode pump 7 emits a laser pump beam of circular cross-section 
in a cfic^ion perpendicular to the surface of the chip, indicated by numeral 8 
onto which it has been deposited complete with resonator mirrors and electrodes 
indicated by numeral 9 and 10, its output beam emerging via a circular hole 
5 indicated by numeral 1 1 in electrode 9. 

In Rgure 1 , numeral 12 indicates the connecting leads to the diode power 
supply indicated by numeral 13, which in turn is swuoned by the computer 
controlled unit indicated by numeral 14. Numeral 15 indicates a side pump diode 
10 stack whteh can be used to excite the invention to its operating threshold so that 
the end'pumps 7 can be most effective in switching the individual fiber lasers of 
■.the invention above their operating threshold at high switching rates. 

In Rgure 2, numeral 16 indicates a tape of single mode optical fibers whilst 
numeral 17 indicates the partially mirrored output operation of the invention 
15 composed of stacked layers of the fiber tapes 1 6. Numeral 1 8 indicates the 
optically polished free ends of the fiber tapes 1 6 with the fiber cores, indicated by 
numeraH9 arrariged in a close packed, rectangular configuration which matches 
the rectansuiar ^itnat of the diode pump arrays Indicated by numeral 20. 
vNunwrial 21 indicates the electrical leads connecting the diode an'ays 20 to their 
20. power sbi^ply indicated by numeral 22. 

In Rgure 3, numeral 23 indicates a single fiber tape of the invention with 
fiber ends of rectangular cross-section whilst numeral 24 indicates a fiber core of 
dicular cross-section. Numeral 25 indicates a diode laser pump an^y with its 
emission beam of rectangular configuration as indicated by numeral 26, which 
25 ntatches the rectangular array of fiber cores 24. Numeral 27 indicates the 
electrical leadis connectog the diode anay 25 is this power supply (not shown). 

In Rgure 4, nunle^ 28 indicates a micro lens an-ay/partially transmitting 
mirror comb&iation. iSlumeral 29 indicates the micro lens array whilst numeral 30 
Indicates the partially transmitting mirror. Numeral 31 indicates a micro lens 
30 .. which matches the output of laser diode pump 32 to the mirrored fiber core 
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indicated by numeral 33. 

in Figure 5. numeral 34 indicates the output aperture of the invention in the 
format of a television screen. Numeral 35 indicates the diffusion screen whilst 
numeral 36 indicates the output. Numeral 37 indicates the diode pumps of the 
5 invention whilst numeral 38 indicates their power supplies. Numeral 39 Indicates 
the computer used to switch the invention into a television, format. 

The invention has applications in the defence, industrial, medical, mass 
entertainment and the commercial field. 

Modifications may be made within the above described subject matter 
10 without departing from the spirit and scope of the invention. 
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i claim, 

1 . A scaleabia phase-locked, laser fiber bundle oscillator system consisting of 
individual fibers whose cladding has variable thickness surrounding a constant 
diameter, single mode core, such that those optically polished fiber ends with 

5 minimum cladding thickness are compacted together to form the output aperture 
of the invention onto which is attached a partially transmitting mirror at the output 
wavelength, the other, optically polished ends of the said fibers possess the 
larger dadding thickness are left loose and mirrored for total reflection at the 
laser wavelength and maximum transmission at the pump wavelength, the 

10 indh^idual diode pumps being In direct contact with said fiber ends producing a 
direct coupling between the circular cross-section of said diode pumps and the 
dncular cross-section of the fiber core. The invention having auxiliary side 
pumping diode stacks sun'ounding its output end to aid its excitation, said skie 
diode pumps being capable of being switched in whole or in part, or moved 

15 relative to said fiber bundle to minimise the localised over-heating of said fibers. 

2. A fiber bundle laser oscillator system as claimed In Claim 1 where its phase- 
locking Is aided by optical transmission through the thinly clad ends of the fibers 
forming the output aperture of said system. 

3. A fiber bundle laser oscillator system as claimed in Claim 1 where its phase- 
20 locking is akJed by a portion of the laser light emitted by each fiber end forming 

the output aperture being reflected off the partially transmitted output mirror so as 
to enter neighbouring fibers in said aperture. 

4. A laser system as claimed in Claim 1 where the circular cross-section and 
niinrored fiber cones ans .directly matched to the output beams of circular cross- 
es section beams generated in laser diodes which emit their output in a direction 

perpendicular to the surface of the substrate onto which they are mounted. 

5. A scaleable, phase-locked, laser fiber bundle osdilator system consisting of 
Individual fibers whose cladding has a constant thickness surrounding a constant 
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diameter single mode core, such that one set of optically polished fiber ends are 
compacted together to form the output aperture of the invention onto which Is 
attached on micro lens array/partially transmitting min'or combination, which 
provides an aid for phase-locking the outputs of the individual fiber laser ends 
5 from the output aperture by allowing portions of the emissions from a given fiber 
end to enter its neighbouring fibers end forming the said aperture. 

6. A system as claimed in Claim 5, where the pump diodes are matched to the 
free, mirrored fiber ends via direct contact of the circular cross-section fiber core 
and the circular cross-section emission pump beam emission for the said laser 

10 diodes. 

7. Systems as claimed In Claims 1 and 4, where the fibers are combined 
into a series of tapes, whose free ends are etched so as to produce fiber ends of 
rectangular cross-section, which being in a fiber tape provide a close patterned 
row of cores which are directly matched to the pump diode arrays, where the 

15 diode emissions, In the form of laser beams of rectangular cross-section, are 
emitted in a direction parallel to the substrate onto which they are mounted. 

8. A system as claimed in Claims 1 and 4 where the compacted output 
aperture of the invention is in the same plane as both the diode pumps, their 
power supplies and control computers, fonfning a compact television system 

20 in which high definition images are generated by the appropriate switching of the 
individual fiber lasers forming said bundle, with a diffusing screen being 
positioning in front of the output aperture of the invention to transform the laser 
beams into eye safe light images when the invention acts as a television. 

9. A system as claimed in Claim 8 where each single fiber of said fiber bundle 
is replaced with a set of three fibers, one transmitting blue, one nreen and the 
other red laser light. 



25 



i 
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10. A system as claimed in Claim 8 where the said diffusing safety screen is 
composed of colour generating dyes which are selectively active in the blue, 
green and red via interaction with the appropriately emitted laser beams of the 
Invention. 
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